Extreme smog can have potentially harmful effects on human health, the economy and daily life. However, the average (mean) values do not provide strategically useful information on the hazard analysis and control of extreme smog. This article investigates China's smog extremes by applying extreme value analysis to hourly PM2.5 data from 2014 to 2016 obtained from monitoring stations across China. By fitting a generalized extreme value (GEV) distribution to exceedances over a station-specific extreme smog level at each monitoring location, all study stations are grouped into eight different categories based on the estimated mean and shape parameter values of fitted GEV distributions. The extreme features characterized by the mean of the fitted extreme value distribution, the maximum frequency and the tail index of extreme smog at each location are analysed. These features can provide useful information for central/local government to conduct differentiated treatments in cities within different categories and conduct similar prevention goals and control strategies among those cities belonging to the same category in a range of areas. Furthermore, hazardous hours, breaking probability and the 1-year return level of each station are demonstrated by category, based on which the future control and reduction targets of extreme smog are proposed for the cities of Beijing, Tianjin and Hebei as an example.
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Introduction
China's smog problem has become very serious and has been receiving attention from government administrators, ordinary citizens, researchers and international societies. Many known health problems have been documented in the literature. Many health concerns have been raised [1] , especially when extreme smog occurs. Fine particulate matter from smoking, the use of solid fuels, etc. contributes significantly to chronic obstructive pulmonary disease, lung cancer, tuberculosis and other related diseases [2, 3] . These diseases may lead to millions of deaths from 2003 to 2033 in China [3] , which is more than 40 000 premature deaths per year [4] . A long-lasting severe smog in January 2013 prevailed in most main cities in northern China. During this episode, the number of patients with respiratory tract infections and allergic symptoms increased dramatically in hospitals and clinics in Beijing, Tianjin and Shijiazhuang. Studies have indicated that bad air quality in northern China reduces life expectancy by 5.5 years for people living there [5] . The smog also adversely affects China's economy, causes considerable welfare loss [1, 6] , and has enormous economic and social costs for the world [7, 8] .
There has been some progress towards solving this problem, e.g. new monitoring technologies have been developed [9, 10] and applied in China. Discussions regarding the establishment of collaborative regional policies and compensation systems [11, 12] , such as the popularization of renewable energy systems and tighter PM2.5 controls to prevent future smog crises, have increased [13] [14] [15] . Creative methods are also being sought based on lessons learned about smog in the Western world [16] [17] [18] [19] .
Various studies have been conducted to reveal the masses and chemical compositions of inhalable microorganisms in typical Chinese cities [20] [21] [22] [23] [24] , as well as the concentrations, formation mechanisms and source apportionments of smog [25] [26] [27] , especially during significant events [28] [29] [30] [31] [32] [33] [34] . Air pollution is related to surface solar radiation and meteorological factors [35] , and the impacts of the relative humidity and water-soluble constituents of PM2.5 on visibility impairment have been modelled [36] . In addition to physical and chemical explanations, assessments of China's virtual air pollution transport through economic and trade activities have also been studied using a consumption-based emission inventory [37] . Moreover, because PM2.5 concentrations are significantly influenced by meteorological conditions [30, 33] , statistical approaches have been proposed to adjust the PM2.5 concentrations of Beijing using data from 2010 to 2015 [38] .
Understanding the features of smog extremes across China is vital for the government to carry out differentiated treatments in cities with different extreme features and jointly implement a control strategy within those bearing similar characteristics. One common point of view shared by the above research is that China's smog is extreme in duration, frequency and severity [24, 29] . The average number of smog days in China in 2013 reached the highest point in 52 years in 13 provinces, about one-third of the national territorial area. In 2015, 11 rounds of persistent smog covering a broad range of areas occurred, especially in the last two months of the year. Heavy air pollution continued for 5 days at the end of November 2015, with the PM2.5 concentrations of most stations in Beijing exceeding 400 µg m −3 and those stations in south Beijing reaching concentrations of more than 900 µg m −3 . Various studies based on the averaged data or the annually averaged satellite-derived estimates have been reported in the literature [39] [40] [41] . Owing to the significant threat and harm to the economy, human health and welfare that China's extreme smog causes, it is vital to model and study its extreme characteristics. After all, severe smog levels are more dangerous than ordinary levels. To the best of our knowledge, the features of nationwide extreme smog have not been studied in any depth, and neither have systematic statistical analyses of the properties of extreme smog in China been carried out.
The main objective of this research was to conduct extreme value analysis of China's smog extremes using PM2.5 data between 2014 and 2016 from air quality monitoring stations across China. We found that the characteristics of extremes varied not only with time within any single station but also across different locations. By fitting the generalized extreme value (GEV) distribution, monitoring stations were designated to eight categories according to the fitted mean values and shape parameter estimates of the GEV distributions. The fitted mean represents the average level of extreme smog, and it is classified by referring to the PM2.5 breakpoints from the US (EPA) standard [42] . The sign of the shape parameter determines the maximum frequency and upper bound of the extreme smog that may occur. The features of the eight categories are then demonstrated to aid the government in performing targeted treatment measures. Moreover, the ultimate control target of the cities of Beijing, Tianjin and Hebei proposed by this study to reduce the number of severe pollution days, frequency and maximum level of PM2.5 could yield a significant air pollution regional cooperation simulation benchmark and provide insights into the possible future strategy of pollution treatment. Given the needs of the Beijing-Tianjin-Hebei integration strategy and the air pollution control target for the 2022 Winter Olympics, the obtained results could be particularly useful. As such, they can further help to improve the national air quality forecasting system for the major regions and cities and to benefit public health and the economy. The analyses conducted in this study are better than other analyses applying a conventional mean analysis approach whose focus was on the average levels of smog, i.e. not on the extreme levels of smog which are mostly concerned by a prewarning system.
Data and methods (a) Data
The data we use are the hourly PM2.5 data obtained from air quality monitoring stations located in China during [2014] [2015] [2016] . The data source is the China National Environmental Monitoring Centre. There were 945 recording monitoring stations in 2014, most of which were built downtown of the major cities to sample the air quality where the majority of people live. The locations of each province are shown in figure 1. Among these stations, Guangdong province (25 in figure 1a ) in south China and two provinces in east China (Shandong and Jiangsu, 4 and 5 in figure 1a ) contain the most stations (102, 100 and 97 in 2014, respectively). The provinces located in southeast China had more stations than those inland, especially west China. It is worth noting that the number of stations also reflects the regional economic development. The station coverage rate increased dramatically in 2015 (up to 1496 stations) and 2016 (total 1497 stations). As a result, most of the provinces are evenly equipped with monitoring stations.
Note that, at the time of data recording, some stations were still under testing or had data transition problems, hardware failures, and probably delayed updates. As a result, some data were missing or taken as zero. In our analysis, those stations with 50% or more zeros within the data were removed from our analysis list. As such, approximately 936 stations out of 945 qualified for analysis in 2014, and 1480 stations qualified for analysis in 2015 and 2016.
(b) Threshold and extreme values
To determine the extreme characteristics of the data, we first note that a 90% or higher quantile as a threshold level is commonly used in the literature regarding extreme value distribution fittings. Also, extreme values at a given station are station specific, i.e. it is not appropriate to compare them with extreme values from a different station. In this study, we consider a typical threshold level, i.e. the 90% quantile, so that the extreme values from each station are those exceeding the chosen threshold (the choice of threshold will be discussed further in §2c). A station-specific threshold means that the observed extreme values of smog are equal to or higher than the threshold during one-tenth of the year. It is easy to see that the higher the threshold, the more severe the extreme smog is at the station. From the pollution point of view, one may choose a common high level of PM2.5, e.g. a level related to health hazard exposure, in distribution fittings. However, such a choice will lead to some potential problems. Taking a threshold of 250.5 µg m −3 as an example, the number of extreme values for stations in Tibet will be much smaller than that for stations in Hebei. As a result, we would not be able to determine the extreme characteristics of smog in Tibet in terms of an extreme value distribution fitting. As extreme smog does not uniformly spread over a region and monitoring stations, the thresholds vary from one station to another. From figure 2, one can see two extreme scenarios with relatively small proportions, i.e. the case of the 90% quantile threshold levels being less than 35.5 µg m −3 and the case of the threshold levels being greater than 250.5 µg m −3 . All station thresholds vary from time to time and also from location to location. It is clear that high thresholds are good descriptive statistics that tell how severe the smog is in a particular region where a monitoring station is located. However, they do not deliver much information for inference, worst case scenario prevention, a joint control strategy or a reduction target. It is not possible to say that the air quality in a region with a greater than 90% quantile threshold level is much worse than that in another region with a lower threshold level. Another fundamental problem is what the worst case smog scenario is in a particular region. To address these issues, we have to take a careful look at the exceedance values over the threshold and to extract the extreme features from them. To achieve this goal, we applied extreme value analysis to the smog extremes.
(c) Method
We start with a brief review of extreme value analysis methods. There are three common approaches in the extreme value analysis literature. They are the block maxima approach, the peak over threshold approach, which fits a generalized Pareto distribution to exceedances over a threshold, and the point process approach, which also involves a threshold value in a GEV distribution fitting.
There is no consensus on which method should be used. The choice depends on whether or not the data satisfy the assumption of the chosen approach. For example, the fitting of the GEV distribution usually assumes that the data are i.i.d. However, the hourly data we are dealing with can be potentially time-dependent and non-stationary. Therefore, the point process approach, which is robust under these circumstances, was preferred in this applied project. The advantage of applying the point process to the distribution fitting is discussed in Coles [43] and Smith [44] . Besides, there are also some seasonal variations in PM2.5 values. For example, winter in northern China probably has higher PM2.5 values due to the burning of coal. The point process approach can naturally solve this problem to some extent. Under this framework, the extreme values are those exceeding a chosen threshold, and they often form clusters in wintertime and springtime (to be more specific, the first and the fourth seasons) instead of other seasons. The GEV fitting of these extremes can well recover the extreme characteristics of the whole year. As such, the few data points in the second and third seasons need not be fitted separately.
The classical point process approach usually requires the length of the extreme values to be 5-10% of the total sample size. To guarantee a sufficient data size of extreme values, a 90% quantile was chosen to be the threshold in this paper so that the number of extreme values above the threshold was 10% of the total sample. Taking an average of 365 days per year as an example, we have 8760 hourly data points in total. The observed number of occurrences of extreme values for each station was 876. This number can also lead to smaller variances in the estimators of the GEV distribution mentioned below (taking the shape parameter estimators of each station as an example, most of which have a standard deviation smaller than 0.05).
The GEV distribution has a cumulative distribution function as follows:
There are three important parameters in the above equation, where μ is a location parameter and σ > 0 is a scale parameter that is similar to the standard deviation of a random variable. ξ is a shape parameter that leads to different types of distributions and shapes (skewness and tail length) of the density functions. To be specific, when ξ < 0, F(x) is the type III or Weibull distribution, and its probability density is zero if x > −σ/ξ + μ, i.e. the density (left-skewed) has an upper bound −σ/ξ + μ and a short tail. When ξ > 0, F(x) is the type II or Fréchet distribution, and its probability density (right-skewed) is zero if x < −σ/ξ + μ, i.e. the density has a lower bound −σ/ξ + μ and a long right tail. The limit ξ → 0 corresponds to the type I or Gumbel distribution; there is no upper or lower bound for the density (right-skewed) [43] . One can see that the shape parameter ξ determines the skewness and tail length (bound), i.e. the shape of the density.
The expectation function is where Γ (·) is the gamma function. In the case of ξ = 0, it becomes
where γ is Euler's constant. The expectation function represents the average level of extreme smog and could be used to classify stations into groups with different air quality. However, under similar expectations, the severity of extreme smog between two stations also depends on their corresponding shape parameters, which lead to different skewness and tail lengths of the density functions. For stations with a right-skewed density, the mode is lower than the mean; while for those with a left-skewed density, the mode is higher than the mean. As a result, a station with a left-skewed density will have more values clustered at high levels than a station with a right-skewed density, i.e. the station with a left-skewed density will suffer more intensive extreme smog occurrences. It is also interesting to note that, although the left-skewed density leads to more intensive extreme smog, it has an upper bound, i.e. the probability that the extreme smog exceeds the bound is zero. On the other hand, when a right-skewed density has a very long tail, the extreme smog could be very severe, but with a very low probability. For the latter case, the occasional very high PM2.5 level could occur. In other words, the two types of stations according to different signs of their fitted ξ values have distinct extreme smog features that should be handled differently.
While some features of extreme smog can be extracted using the expectation function and shape parameter, there are also certain scenarios of extreme smog that very much concern the general public, taking the duration and frequency of certain PM2.5 levels as an example. To tackle these problems, we further compute the following three quantities, in which the risk of extreme smog at certain individual high levels or the maximum level of extreme smog under certain circumstances can be derived. In this way, the worst case scenario can be investigated and then prevented, and corresponding reduction targets can also be made.
Different from the studies of climate extremes in precipitation, temperature and snowfall, which are mostly concerned with their annual maxima, the studies of extreme smog are more concerned with levels during a single year, or even during a single day. The reason for this is that the PM2.5 concentration at one station may grow to very high levels during one single day due to adverse meteorological factors and the accumulation of contaminants, especially in the winter. As a result, the hourly data for each year are used separately to fit the GEV distribution in this paper to capture the rapid variations in extreme smog, and then the following quantities are used to demonstrate the occurrences of extreme smog within 1 year.
The mean times of exceedance over a specified high level x within 1 year is given by
where m = 876. Note that 876 h of data per year are used to fit the GEV distribution in this paper. This quantity can be used to evaluate the frequency of certain high-level extreme smog events. The probability of extreme smog exceeding a specified high level x at least once within 1 year, which describes the risk of extreme smog at certain individual high levels, is given by
The 1-year return value is This indicates the maximum value of extreme smog occurring on average once within a year. The 1-year return value is another way to describe the risk of extreme smog at a certain frequency. The higher the return level, the more severe the extreme smog will be on average.
The parameters in the GEV distribution are estimated using the maximum-likelihood method based on the point process approach mentioned above. All the estimators are asymptotically normal. The significance test can be used for each single station successively. However, this may result in a greatly increased false positive rate. Taking the shape parameter ξ as an example, the significance test is used to test the null hypothesis ξ = 0. Rejecting the null hypothesis may indicate the intensity of the extreme smog being severe (in the case of ξ < 0, as mentioned above). However, due to the large number of stations, the above testing procedure may result in a significant increase in the total number of stations that falsely reject the null hypothesis, which may result in a large number of stations reporting very severe extreme smog.
To solve this problem, we use a practical and powerful approach to multiple testing [45, 46] by controlling the false discovery rate at a level of 0.05. As a result, the intensity of extreme smog at each station can be determined more accurately so that the exact features of extreme smog can be derived. For the location and scale parameters, multiple testing can also help to determine whether their real values are zero, which affects the valid computation of the estimated mean value of extreme smog.
Features of the extreme smog and stations classification
It is conventional to rank the air quality of different areas using averaged PM2.5 data (24 h or annual averages) [39] [40] [41] . For example, to tackle the PM2.5 problem, Van Donkelaar et al. [40, 41] generated global satellite-derived PM2.5 concentration estimates, which enable the evaluation of smog long before some areas, especially in developing countries, can build ground-level monitors. Quantities of studies have been done using their PM2.5 map of annually averaged data from the period 2001-2006 [40] and their improved data from the period 2001-2010 [39, 41] . This paper intends to investigate the smog extremes by categorizing the stations rather than simply ranking them by the average of extreme PM2.5 values. For a simple scenario of the 24-hour average PM2.5 levels in two stations being larger than 250.5 µg m −3 , it does not mean much to rank them only because they are both hazardous to people's health. This paper tries to derive the features of extreme smog at each station by fitting the GEV distribution, according to which the stations are then categorized and result in different measures to facilitate specific treatment activities.
First, we use the estimated mean (computed by the fitted GEV parameters using equations (2.2) and (2.3)) of the GEV distribution to classify the stations. (The sample mean of the extreme value can also be used to classify stations, which is an unbiased estimator of the expectation, while the estimated mean computed by the fitted GEV parameters is asymptotically unbiased and consistent. Both of the estimators were computed for comparison when classifying the stations, and very similar results were obtained. For simplicity, only the results of the estimated mean are given in this paper.) The estimated mean represents the annual average level of extreme smog at each station. Stations are then classified based on the intervals their estimated means fall into. The intervals are determined according to the PM2.5 breakpoints from the US (EPA) standard mentioned in §2b, which relate to different levels of air quality. Therefore, the classified groups of stations correspond to areas with different levels of air quality and health concerns driven by the average level of extreme smog. Since only a few stations have an estimated mean below 35 µg m −3 or from 35 to 55.4 µg m −3 , they form group I (relatively speaking, the best group). Stations with an estimated mean from 55.5 to 150.4 µg m −3 , those from 150.4 to 250.5 µg m −3 and those above 250.5 µg m −3 form group II, group III and group IV (the worst group), respectively. More groups are also possible, but they may not be necessary when management by the government is taken into account in practice.
The station's spatial distribution of these four groups is shown in figure 3 . The results of 2014-2016 showed that the stations in group IV were mainly located in a large connected area some extent, showing that the severe smog problem in these areas was sustained all the time and hardly improved in recent years.
Annual means of PM2.5 values from 2014 to 2016 at all monitoring stations across China were also computed in this paper for comparison. It is shown that the above results regarding the extreme smog differ from those regarding the annual means. We found that although stations in northeast China and to the north of Hebei (Zhangjiakou and Chengde, the locations of cities in Hebei are drawn in figure 1b), etc. had relatively lower annual means than others (best 30% of all stations), their average levels of extreme smog were relatively higher (the worst third among all stations). Such a phenomenon was due to the fact that there were extreme PM2.5 values during some period although their annual air qualities were relatively good on average. On the contrary, stations in some areas were often 'misunderstood/regarded as having extreme smog' because their annual means of PM2.5 values were relatively higher (the worst third among all stations). In fact, the volatility of PM2.5 levels for these stations was not very large while the average level of extreme smog was not very high either (best 30-50%). Taking an example from stations in two provinces (Sichuan and Chongqing, numbered as 12 and 13 in figure 1a ) in southwest China and two neighbouring provinces (Hubei and Hunan, numbered as 8 and 9 in figure 1a) in central China, different conclusions can be drawn if the average levels of extreme smog rather than the overall means of smog are used. This paper focuses on extreme smog due to the great harm that extreme smog can do to human health, the economy and normal life.
Under similar average levels of extreme smog, the features of extreme smog also depend on the shape parameter ξ , which leads to different skewness and tail length of the density. As mentioned above, for stations with a left-skewed density, the PM2.5 level at the maximum frequency is relatively high, i.e. higher PM2.5 levels happen for longer, thus the air quality is more often poor. For stations with a right-skewed density of extreme smog, the PM2.5 level at the maximum frequency is relatively low, which means that relatively good air quality happens more frequently. However, there exist very high PM2.5 levels occasionally for these stations due to the long tail of the density, which greatly enhances the average levels of extreme smog. Considering all of these combinations, we further divide each of the four groups (I-IV) of stations into two parts, which are represented by the categories I-R, I-L, II-R, II-L, III-R, III-L, IV-R, IV-L, respectively (R represents stations with a right-skewed density and L represents those with a left-skewed density). The spatial distribution of the eight categories of stations across China is illustrated in figure 4 . The eight categories of stations have distinguishing features for extreme smog.
For the whole country (the spatial distribution of eight categories is referred to figure 4, and the percentage is shown in figure 5 ), the percentages of I-R and II-R increased considerably in 2016 while the percentages of III-L and IV-L decreased, which showed a general improvement in extreme smog throughout the country. In addition, the number of right-skewed stations was larger than the number of left-skewed stations within the same group. This indicates that, for most stations, the occasional bout of very severe smog augments the average level of extreme smog greatly.
Specifically, stations in northeast China were mainly in categories IV-R and III-R, indicating that there occasionally exists very severe extreme smog in this area. However, for most of the time, this region experiences relatively lower PM2.5 levels than the IV-L and III-L stations. These features can also explain why, for stations in northeast China, their average levels of extreme smog rank better than the annual means. The occasional very high PM2.5 levels could have specific causes during a particular time, such as the beginning of the colder seasons when coal burning increases [48] . Acknowledging these features will benefit the corresponding policy-making to suit the specific cause.
It is worth mentioning that in Beijing-Tianjin-Hebei, where the most important closely connected group (both geographically and economically) in north China is located, the percentage of stations in group IV amounted to 90% in 2014 and 75% in 2016, indicating that extreme smog at most stations in this area reached a very high level. Taking The features of extreme smog for these two kinds of stations are different. The PM2.5 level at the maximum frequency (x mode , which is the most common recurring level of extreme smog) at IV-L stations was much higher than that at IV-R stations, showing more intensive extreme smog. For example, x mode was about 200-230 µg m −3 for stations in Tianjin and was even close to 300 µg m −3 for those IV-L stations in the middle and south of Hebei. The possible reasons for this are that for IV-L stations the amounts of contaminants are sustained at high levels in these areas because of adverse meteorological conditions, a lot of local motor vehicles or the longterm inputs of extraneous pollutants from adjacent areas, etc. [33] . For these situations it is more effective to focus on all sources of pollutants and implement normalized emission reductions and preventions.
There were also some notable changes during 2014-2016. The percentage of IV-L stations in Beijing-Tianjin-Hebei was 45.6% in 2014, which constituted 81% of all IV-L stations in China. These two percentages decreased dramatically to 12.5% and 27%, respectively, in 2016, showing a great improvement in air quality. For IV-R stations in Beijing-Tianjin-Hebei, the two percentages were 46.8% and 12.8% in 2014, which increased, respectively, to 62.5% and 17.3% in 2016. Specifically, most stations in the provincial capital (Shijiazhuang) changed to category IV-R in 2016 from category IV-L; in these cases, their level of extreme smog at the maximum frequency may decrease. Similar changes also happened in Beijing, and other cities in the middle (Baoding, Langfang) and southern Hebei (Handan, Hengshui and Xingtai). The locations of these cities are shown in figure 1b .
Furthermore, cities across China are classified into these eight categories according to the category that most stations within each city fall into. As PM2. B e i j i n g T i a n j i n H e b e i S h a n d o n g H e i l o n g j i a n g J i l i n L i a o n i n g H e n a n S h a n x i S h a a n x i N i n g x i a G a n s u Q i n g h a i X i n j i a n g T i b e t S i c h u a n C h o n g q i n g Y u n n a n G u i z h o u H u b e i H u n a n J i a n g x i J i a n g s u S h a n g h a i Z h e j i a n g F u j i a n G u a n g d o n g G u a n g x i H a i n a n i n t o t a l A n h u i I n n e r m o n g o l i a B e i j i n g T i a n j i n H e b e i S h a n d o n g H e i l o n g j i a n g J i l i n L i a o n i n g H e n a n S h a n x i S h a a n x i N i n g x i a G a n s u Q i n g h a i X i n j i a n g T i b e t S i c h u a n C h o n g q i n g Y u n n a n G u i z h o u H u b e i H u n a n J i a n g x i J i a n g s u S h a n g h a i Z h e j i a n g F u j i a n G u a n g d o n g G u a n g x i H a i n a n i n t o t a l A n h u i I n n e r m o n g o l i a B e i j i n g T i a n j i n H e b e i S h a n d o n g H e i l o n g j i a n g J i l i n L i a o n i n g H e n a n S h a n x i S h a a n x i N i n g x i a G a n s u Q i n g h a i X i n j i a n g T i b e t S i c h u a n C h o n g q i n g Y u n n a n G u i z h o u H u b e i H u n a n J i a n g x i J i a n g s u S h a n g h a i Z h e j i a n g F u j i a n G u a n g d o n g G u a n g x i H a i n a n i n t o t a l A n h u i smog at each station can better demonstrate the overall features of a larger area. Owing to the complexity of the number and distribution of stations in each city, it is hard to find a generally applicable algorithm to classify cities without extensive computations and validation, which is outside the scope of this paper. However, following the general rule of meteorology, the PM2.5 monitoring stations are set up as evenly as possible in cities. Therefore, the simple majority rule is used as it is the most practicable.
It is interesting to note that the IV-L cities in our study closely match the cities with the worst air quality announced previously [49, 50] . For example, the eight IV-L cities in 2015 are Beijing; Shijiazhuang, Tangshan, Baoding, Langfang, Hengshui and Xingtai in Hebei province (as shown in figure 1b) , all of which are located in the area of Beijing-Tianjin-Hebei; and Zhengzhou in Henan province. All cities but Beijing were also included in the top 10 worst air quality cities according to the 2015 annual average air quality index (AQI) figures published by the Ministry of Environmental Protection of China [49] . This match between our results and the official report also shows that the main air pollution in China is usually PM2.5, which contributes considerably to the high AQI. However, in spite of this, Beijing was on our list, but it was not on the official list, indicating that the rank of Beijing in terms of extreme smog was worse than its relative rank in terms of the annual means, implying that low annual means do not guarantee that extreme values do not exist.
4. The risk and maximum level of extreme smog: hazardous hours, breaking probability and 1-year return level
In the previous section, the features of extreme smog driven by the average level of extreme smog and the shape of its density function were demonstrated. In this section, the following three quantities were further computed to analyse certain worst case scenarios of extreme smog that concern the general public. The confidence intervals of the three quantities computed via the multivariate delta method are available to readers on request. First, the average number of times that the PM2.5 value exceeds 250 µg m −3 within 1 year (N mean ) was considered (it is computed using equation (2.4) with x = 250). This indicates the times (i.e. hours in this paper) that the air quality appears hazardous or even worse (therefore, it is called 'hazardous hours' for short), which may lead to great harm to human health. Determining the number of hours that hazardous air quality lasts for can be of benefit when devising strategies aimed at reducing the duration of severe pollution.
Figure 6a-c shows box plots of N mean from 2014 to 2016. The figure shows that the hazardous hours within 1 year for stations in group I is zero, and for those in group II it was very close to zero, meaning that the air quality in these two groups was better than the hazardous level. There were some hazardous hours for stations in categories III-R, III-L, IV-R, IV-L, which increased successively, i.e. the hazardous smog became worse for these four categories. The hazardous hours for III-R and III-L approximate each other to some extent, which was about 100 h on average. For stations in category IV-L, the average duration of N mean was about 650 h in 2014, about 600 h in 2015 and below 600 h in 2016. Although this showed a declining trend, it still covered 6.8% of the whole year, i.e. 1 day out of 14.6 days had a hazardous air quality. While the number of hazardous hours for stations in category IV-R were one-half to two-thirds less, this still amounted to one hazardous day every 29.2 to 43.8 days.
The probability that the PM2.5 value exceeds 500 µg m −3 within 1 year (p level ) was also determined (this is computed using equation (2.5) with x = 500). This is called the 'breaking probability' in this paper. The word 'breaking' is used here because 500 µg m −3 is the maximum value that is given in the US standard. Whether the PM2.5 value exceeds 500 µg m −3 is of great concern to the general public in China. If this maximum level is exceeded, it causes significant distress to residents. Stations in most categories had certain breaking probabilities, a decrease in which can also be considered as one of the valuation approaches to smog reduction. Figure 6d -f shows box plots of the p level . It was shown that, for stations in categories I-L, II-L and III-L, most p level values were zero or close to zero, meaning that the PM2.5 values in these areas were not likely to exceed 500 µg m −3 . For stations in categories I-R, II-R and III-R, however, the density of extreme smog had a long tail, which means that the p level will be greater than zero. However, for these stations, the very high PM2.5 levels only occurred occasionally. In other words, the breaking probabilities were very small but they did exist. As far as the medians in figure 6b-f were concerned, they were around 0.2 for stations in categories I-R, II-R and III-R (except for category III-R in 2014). It was demonstrated from p level that the features of extreme smog at left-skewed stations were very different from those at the right-skewed ones, requiring different treatment measures.
The breaking probabilities equalled 1 for most stations in category IV-L with certain times of breaking. Although the extreme smog in these stations had an upper bound, it is obviously higher than 500 µg m −3 . The breaking probabilities for some stations in category IV-R were also rather high and even approached 1. In some cases, this shows certain breaking times. concern and anxiety it causes, the breaking probability for stations in categories IV-L and IV-R will be taken into account in this paper when proposing the goals for smog control.
In some circumstances, it is not very practical to set control goals using probability. Therefore, the 1-year return level (x return ) was computed using equation (2.6 ). x return indicates the maximum value of extreme smog occurring on average once in every year. Figure 6g -i shows the box plot of x return . Similar to the above case, due to the long tail density of extreme smog, the return levels for stations in categories II-R, III-R and IV-R showed extreme observations. The existence of extreme observations is precisely the reason for distinguishing between different categories to guarantee that very high extreme smog is targeted and treated specifically. For stations in category IV-L, the maximum values of extreme smog occurring on average once a year were very high. Their means or medians were 800 µg m −3 in 2014 and 2015, which dropped to 600 µg m −3 in 2016, which is still a very high level.
Beijing-Tianjin-Hebei will be used as an example to give specific results, because of the severity of extreme smog in this region, as well as its vital economic status in China, i.e. covering the capital and the most important port in northern China. It is worth noting that the breaking probability for stations in Beijing-Tianjin-Hebei was equal or very close to 1, implying that the B e i j i n g T i a n j i n S h i j i a z h u . . . T a n g s h a n Q i n h u a n . . . H a n d a n B a o d i n g Z h a n g j i a . . . C h e n g d e L a n g f a n g C a n g z h o u H e n g s h u i X i n g t a i
B e i j i n g T i a n j i n S h i j i a z h u . . . T a n g s h a n Q i n h u a n . . . H a n d a n B a o d i n g Z h a n g j i a . . . C h e n g d e L a n g f a n g C a n g z h . . . occurrence of very high PM2.5 concentrations in most of this area. The above three quantities, especially the hazardous hours (N mean , figure 7a ) and the 1-year return level (x return , figure 7b), are further used to evaluate the performance of extreme smog control in Beijing-Tianjin-Hebei cities, which are summarized into the four cases mentioned below. Such an analysis, representing the worst case scenarios for certain individual high levels of extreme smog, also implied the results based on the feature of extreme smog.
The best performing cities were: Zhangjiakou, Chengde in the north of Hebei, and Qinhuangdao in the east of Hebei. The average hazardous hours within 1 year dropped dramatically to close to zero for stations in Zhangjiakou and Chengde during 2015; they were less than or equal to 100 h for stations in Qinhuangdao. The return levels for stations in the above cities declined as well, to about 300 µg m −3 in 2016. The performance of these cities on extreme smog control was superior to other cities in recent years, while the average levels of extreme smog in these cities also reduced.
Cities that barely improved or are getting worse: Beijing and Tianjin, Shijiazhuang (the provincial capital). N mean and x return for stations in Beijing and Tianjin hardly improved during 2014-2016, meaning the risk of extreme smog remained at a very high level. As discussed in the previous section on the features of extreme smog, stations in Beijing changed from category IV-L to category IV-R. The right skewness also implies the existence of an occasional very high level of extreme smog. Even worse, although similar category changes also happened in Shijiazhuang, the number of hazardous hours within 1 year increased in 2016 compared with 2015, which meant that this city was ranked the last among all cities of Beijing-Tianjin-Hebei. Moreover, the 1-year return level surged in 2016, indicating that the current treatment strategy is not very successful, especially on very high levels of PM2.5.
Improved severely polluted cities: Baoding, Langfang in the middle of Hebei, Hengshui and Xingtai in the south of Hebei. There was a steady decline in N mean and x return during 2014-2016 (except for the return level of Hengshui in 2015), showing continuing effects of pollution abatement in these four cities. However, the original pollution levels of these cities were relatively high; in spite of the dramatic improvement, the current levels of extreme smog remained very high. This is also the reason why stations in these cities remained in category IV-L until 2016. Ambiguous cities: the remaining three cities (Tangshan, Cangzhou and Handan). Stations in these cities did show some improvement in N mean in 2015 but did not in 2016. There was no consensus as far as the improvement in the 1-year return level was concerned either. Therefore, the conclusions were ambiguous for these cities and the current measures were not qualified.
Discussion
By using the hourly PM2.5 data drawn from 945 stations across China, this study recognizes China's smog extremes by exploring systematic statistical analysis of the extreme smog in China and demonstrates its nationwide spatial patterns and characteristics. Stations across China are classified into eight categories according to the average level of extreme smog and the shape of the GEV density. Stations within different categories show different features of extreme smog. Under a similar average level of extreme smog, a station with a left-skewed density will have more values clustered at a high PM2.5 level so that the air quality is more often poor. Stations with right-skewed densities show occasional very high PM2.5 levels, significantly increasing their average levels, although the PM2.5 level at the maximum frequency is relatively low. The features of extreme smog discussed here, driven by the estimated mean and the shape parameter of the GEV distribution, provide more information than an average can, such as the maximum level of extreme smog with exact probabilities and the risk of experiencing certain levels of extreme smog. The analyses conducted in this study are better than other analyses applying a conventional mean analysis approach whose focus was on the average levels of smog, i.e. not on the extreme levels of smog which are mostly concerned by a pre-warning system.
We suggest that cities rather than stations are considered as the basic unit for smog prevention and control to facilitate governance by the authority. Specifically, cities belonging to different categories are advised to adopt different extreme smog prevention strategies. For cities belonging to categories I-L, II-L, III-L, IV-L, targeted measures should be used for all sources of pollutants, and normalized emission reductions should be implemented to alleviate the frequently occurring high PM2.5 concentrations. For cities belonging to the I-R, II-R, III-R, IV-R categories, it is more effective to target the related cause to lower the occasional very high PM2.5 values. Especially, cities within categories IV-R and IV-L should be considered as key areas that need to be focused on. More strict regulations regarding pollution emission, tax and fee collection, motor vehicle administration and coal burning control should be implemented, especially in those cities in the second and third cases in the last section. For the ambiguous cities, effective measures should be adhered to, and ineffective ones should be abandoned. Meanwhile, cities within the same category should jointly carry out severe atmosphere pollution forecasts, establish a pre-warning system for heavy pollution weather and develop a linked emergency response system.
The classification of stations in our work may provide a benchmark for air pollution joint prevention and control by the Chinese government and may be suitable as the basic unit for further analysis within each category. Cities within the same or similar category, especially those that are connected to each other, could be set as the basic unit to form one joint prevention and control region. Neighbouring cities could be incorporated to enlarge the joint region. Moreover, the level of extreme smog rather than the discharge capacity only should be taken into account when the emission reduction ratios are considered for cities in the joint region.
Extreme smog is much more hazardous to human health and welfare. The control goals proposed by this paper are aimed towards extreme smog reduction. It is again worth noting that the limits regarding PM2.5 concentration that must not be exceeded are almost certain to be violated in practice [51] . A more logical prevention goal for PM2.5 control would be regarding a maximum concentration with an acceptable return period or with an acceptable number of recurrence times during a certain time period. Therefore, the three quantities mentioned in the last section are more suitable for setting the control goals. Since the 1-year return levels for stations in Beijing-Tianjin-Hebei were very high, the short-term goals could be trying to decrease the 1-year return levels, or, in other words, to extend the return period of those levels to more than 1 year. The long-term goals could be attempting to reduce the number of hazardous hours within 1 year or to extend the time interval of the hazardous smog's recurrence. Moreover, because the breaking probability was 1 for all the category IV-L stations and the attention this receives from the general public, the future goals could also be cutting down the breaking times. This is also useful for the establishment of a pre-warning and response system in that different levels of pre-warning could also be considered when a certain level of extreme smog is forecast to appear within a few days, or the breaking probability is very high, or the return level is predicted to approach certain limits.
Finally, extreme smog often occurred in several provinces of China during the same period, covering hundreds of square kilometres. For example, during February 2014, smog with longterm duration and high-level pollution blanketed 180 km 2 of China, including 15 provinces. Considering the close connections between stations within the same category, we can conclude that there must be some relationship between extreme smog at the stations within the categories. This kind of dependence, i.e. extreme dependence [52] [53] [54] , should be explored in future studies so that the co-movement of extreme smog in different areas can be determined.
Data accessibility. The data source of PM2.5 is the China National Environmental Monitoring Centre (www.
cnemc.cn).
